Large enhancement of intersystem crossing in polyfluorenes by iridium-complex doping by Liao HH
Large enhancement of intersystem crossing in polyfluorenes
by iridium-complex doping
Hua-Hsien Liao, Chia-Ming Yang, Chi-Hui Wu, and Sheng-Fu Horng
Department of Electric Engineering, National Tsing Hua University, Hsinchu 300, Taiwan,
Republic of China
Wei-Shan Lee and Hsin-Fei Menga
Institute of Physics, National Chiao Tung University, Hsinchu 300, Taiwan, Republic of China
Jow-Tsong Shy
Department of Physics, National Tsing Hua University, Hsinchu 300, Taiwan, Republic of China
Chain-Shu Hsu
Department of Applied Chemistry, National Chiao Tung University, Hsinchu 300, Taiwan,
Republic of China
Received 14 July 2006; accepted 24 November 2006; published online 3 January 2007
Photoinduced absorption is used to study the intersystem crossing ISC rate of two polyfluorenes
doped with iridium III tris2-4-totylpyridinato-N ,C2. It is found that the triplet exciton lifetime
of polyfluorene is reduced by the dopants. But instead of decreasing, the population density of
polyfluorene triplet exciton increases by almost one order of magnitude. The finding shows that the
ISC rate can increase over 100 times due to the spin-orbital interaction with the Ir ion even though
it is covered by the ligands. Specifically, the ISC lifetime changes from the intrinsic value of 62 ns
to as short as 0.28 ns upon 10% doping. © 2007 American Institute of Physics.
DOI: 10.1063/1.2424667
Organic electrophosphorescent devices have generated
great interests in the past decade. After the realization of
100% internal quantum efficiency for small molecule phos-
phorescent organic light-emitting diodes PhOLED,1 nearly
100% internal quantum efficiency has also been demon-
strated recently for phosphorescent polymer light-emitting
diodes PhPLED,2 which proves the importance of the dop-
ing of transition metal complex in organic devices. Many
works have been devoted in studying this doping material
system, but most of them are focused on the energy transfer
from the host to the phosphorescent dopant3–9 or the decay of
the phosphorescent dopant itself.10–12 The host singlet to trip-
let exciton intersystem crossing ISC rate is usually as-
sumed as a constant even when the metal complexes are
doped into the organic semiconductor host. Such assumption
appears reasonable because the host excitons are separated
from the metal ion by the ligands and the spin-orbital inter-
action of the ion is short ranged. Therefore, the transition
metal induced spin-orbital coupling effect would be confined
within the complex rather than influence the transitions
among the host excitons due to the long distance. In particu-
lar, the host singlet to triplet ISC rate would be independent
of the metal complex doping and remain an intrinsic property
of the host small molecule or polymer semiconductors. How-
ever, there is no direct experimental evidence so far that
testifies such assumption. In this work we use photoinduced
absorption PA spectroscopy to monitor the host triplet ex-
citons of polyfluorene doped by Ir complex and found sur-
prisingly that despite the reduced lifetime of the host triplet
exciton by the doping, the population density of host triplet
exciton is significantly increased. This indicates that the ISC
rate from host singlet to host triplet excitons is enhanced by
Ir complex over 100 times, far from being a constant.
Poly9,9-dioctylfluorenyl-2,7-diyl end capped with
dimethylphenyl PFO and poly9 c9-di-2-ethylhexyl-
fluorenyl-2 c7-diyl end capped with
N ,N-bis4-methylphenyl-4-aniline PF are chosen as the
host polymers. Iridium III tris2-4-totylpyridinato-N ,C2
Irmppy3 is doped into polyfluorene as the phosphorescent
dopant. All the organic materials are purchased from Ameri-
can Dye Source. The PA experimental details are described
elsewhere.13 All the film thicknesses are 750±50 Å.
PA is used to detect the nonemissive triplet excitons of
the polyfluorene host by the induced infrared absorption to
higher triplet levels. The magnitude of PA is proportional to
the population density of the triplet excitons.13 The peak of
the induced absorption is at 1.45 eV for PFO and 1.5 eV for
PF. A 405 nm diode laser is used as the excitation source.
The PA spectrum is shown in Fig. 1a at 100 Hz modula-
tion. 100 Hz is always used for steady state results below.
Figure 1b shows the PA frequency modulation of host trip-
let exciton at its absorption peak in three different material
combinations at 100 K. The triplet exciton lifetime can be
fitted from the modulation rate equations:14 the total ampli-
tude signal PAtotal1/kT2 +2, the in-phase signal PAin
kT / kT
2 +2, and the out-of-phase signal PAout / kT
2
+2. kT is the host triplet exciton decay rate and =2f .
The total amplitude curve is first fitted by the rate equation in
two limiting conditions, 1 and 1, to determine the
lifetime T. After that, the same T is used for in-phase and
out-of-phase fittings. There are some deviations in the cross-
over region of the out-of-phase fitting and in the high fre-
quency region for the in-phase region. The deviation may
result from the bimolecular recombination which is not in-
cluded in the formula. However, a valid mean lifetime can
always be obtained by the fitting even with bimolecular
recombination.15 As PFO is doped with Irmppy3, the
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lifetime of its triplet exciton is reduced from 0.4 ms
for the pure polymer to 0.14 ms, but its PA intensity in-
creases by about one order of magnitude. In comparison,
PFO is also doped by an organic fluorescent dye
molecule 4-dicyanomethylene-2-t-butyl-6-1,1,7,7-
tetramethyljulolidyl-9-enyl-4H-pyran DCJTB which does
not have strong spin-orbital coupling. As shown in Fig. 1,
contrary to Irmppy3, the PA lifetime and the intensity are
not affected by the doping of DCJTB. This implies that the
large effects seen in Irmppy3 are due to the heavy-metal
spin-orbital coupling. The PFO triplet exciton lifetime de-
creases because its spin forbidden decay is enhanced by the
Ir complex or transfer to triplet states of Irmppy3. Through
Dexter energy transfer, trap recombination can be neglected
because no effect is observed from DCJTB. Despite of the
enhanced decay of the PFO triplet exciton, its population
density is increased, implying that the generation of PFO
triplet exciton increases much more than decays. In other
words, even though the Ir ion is covered by the ligands, it
has a dramatic effect on the internal intersystem transition of
the host polymer. The role played by the transition metal
complexes in the doped polymer system is therefore not sim-
ply a carrier trap or a phosphorescent emitter as commonly
assumed. Because the host triplet exciton is a significant in-
termediate state for the light emission process, their en-
hanced generation by the dopant must be taken into account
in the physics of phosphorescent OLED. In order to show
that this behavior is not specific to only one kind of poly-
fluorene, PF is also used as the host and doped with
Irmppy3. The singlet exciton level of PF is higher than that
of PFO and so is its triplet exciton PA absorption peak. Fig-
ure 2 shows the PA frequency modulation of PF triplet exci-
ton. Even with a slight 3% Irmppy3 doping, the lifetime of
PF triplet exciton decreases while its population density in-
creases. This is similar to the case of PFO.
The inset of Fig. 2 shows the relative energy levels of
host singlet and triplet excitons and the transition rates. In a
steady state, the generation of triplet excitons must be equal
to the decay of triplet excitons, i.e., NSki=NTkT, and ki
=NTkT /Ns. NS, ki, NT, and kT are singlet exciton density,
polymer singlet to triplet intersystem crossing ISC rate,
triplet exciton density, and triplet exciton decay rate, respec-
tively. kT includes the decay routes from PFO triplet state to
the ground state and from host triplet state to Ir triplet state
through Dexter energy transfer. If we make ki
d
=ki
0
, where ki
d
is ISC rate in Ir doped PFO and ki
0 is ISC rate in pure PFO,
then  can be expressed as
 =
ki
d
ki
0 =
NT
dkT
dNS
0
NT
0kT
0NS
d . 1
The superscripts d and 0 represent the doped and pure cases,
respectively. NT
d and NT
0 are proportional to the PA intensity.
kT
d and kT
0 are the reciprocals of triplet exciton lifetime T
d and
T
0 which are determined by fitting PA frequency modulation
curves. NS
0 and NS
d can be determined by the photolumines-
cence PL intensity. Consider 10% Irmppy3 doped PFO.
From Fig. 2 and Eq. 1, NT
d /NT
0 is proportional to the steady
state PA intensity ratio of 8.510−3 /7.210−4. kTd /kT
0
=T
0 /T
d
=3.4 ms/0.38 ms. The ratio of PL intensity of pure
PFO and 10% Irmppy3 doped PFO is 1826/279 Fig. 4.
Therefore, the value of  for 10% Irmppy3 doped PFO is
220, which means that the ISC rate is enhanced by 220 times
by the Ir doping. The  values calculated by Eq. 1 for
different Irmppy3 concentrations are shown in Fig. 3.
FIG. 1. a PA spectrum is shown and PA peak is at 1.45 eV. A 405 nm
diode laser is used to be the pumping source. The absorption of PFO at
405 nm is very high, but the absorption of Irmppy3 at this wavelength is
very weak. The temperature is at 100 K. b The PA frequency modulation
of PFO triplet exciton in three different doping conditions. The modulation
of 10% DCJTB doped PFO is identical with pure PFO. The fitted lifetime is
0.4 ms. The lifetime of 10% Irmppy3 doped PFO triplet exciton is de-
creased to 0.14 ms. The solid lines are the theoretical fitting curves. Note
that the PA intensity of Irmppy3 doped PFO is higher than that of pure
PFO. The inset in a are the chemical structures of PFO, Irmppy3, and
DCJTB in the top and from left to right, respectively.
FIG. 2. The PA frequency-modulation curve of PF triplet exciton. 0.02 and
0.06 ms are the PF triplet exciton lifetimes in 3% Irmppy3 doped PF and
pure PF, respectively. The lower inset shows the exciton energy levels of
polyfluorene and the transitions. The upper inset is the chemical structure of
PF. The temperature is at 100 K, and PA peak is at 1.5 eV.
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Another interesting consequence of the large  is that it
requires the ISC transition only constitutes a small portion of
the total singlet exciton decay without doping. The steady
state rate equation of singlet exciton is N˙ S= P−NSkS+ki
+kf=0, where P is singlet exciton generation by laser
pumping and kS, ki, and kf are singlet exciton decay rate, ISC
rate, and Föster energy transfer rate to Ir complex, respec-
tively. Assuming ki=xkS and kf =ykS, then the population
density of singlet exciton with doping can be expressed as
NS
d
= P /kS1+x+y. Without doping we have NS
0
= P / kS
+ki
0P /kS because it is widely known that ki
0kS.16 Let-
ting NS
d divided by NS
0
, we get x=NS
0 /NS
d
−1−y. From ki
d
=ki
0 and ki
d
=xkS, we have ki
0
=xkS and ki
0
= x /kS, which
lead to
ki
0
=
kS

NS0NSd − 1 − y	 kS NS
0
NS
d − 1 . 2
y
0 because Förster transfer process happens. For 10%
Irmppy3 doped PFO, kS1/0.4 ns,17 =220, and NS
0/NS
d
6.5, and then ki
0	
1
0.4
1
2206.5−11/ns1/50ns. This re-
sult indicates that ki
0 is smaller than kS by two orders of
magnitude. Such difference is somewhat larger than that pre-
viously expected.16 In terms of lifetime, i
0
=50 ns for pure
PFO. After 10% Irmppy3 doping, i
d0.07 ns which is
faster than S.
It is somewhat surprising that the transitions on the poly-
mer backbone can be strongly affected by the heavy-metal
ion which is surrounded by the ligands and has no wave
function overlap with the backbone. We believe that transi-
tion occurs through an intermediate state caused by second
order perturbation, which occurs even without direct contact
with Ir ion or the polymer backbone. The intermediate state
here is probably the ligand singlet exciton. A matrix element
of the Forster dipole-dipole coupling operator exists between
the initial polymer singlet exciton state and the ligand singlet
exciton state. The ligand singlet exciton has a triplet compo-
nent because of the strong spin-orbital interaction in the
complex. In addition, the ligand can easily come in direct
contact with the polymer backbone. Therefore, a second ma-
trix element of the Dexter exchange operator exists between
the ligand singlet exciton and the final polymer triplet exci-
ton. Such second order process is efficient because Forster
transfer is wide ranged over 100 Å. Another possible
choice for the intermediate state is the metal-to-ligand
charge-transfer triplet states,3,18 which has a singlet compo-
nent extending to the ligands.
In summary, we study the ISC rate of polyfluorene
doped with Ir complex and find that the ISC rate from host
singlet to triplet exciton is made very efficient by the spin-
orbital interaction of the dopant. In addition to its significant
contribution to phosphorescent PLED, this result can be ap-
plied to solar cell where transferring the singlet excitons to
triplet exciton with long diffusion length may improve the
charge transfer efficiency.
This work is supported by the National Science Council
and the Ministry of Education of Taiwan, the Republic of
China.
1C. Adachi, M. A. Baldo, S. R. Forrest, and M. E. Thompson, Appl. Phys.
Lett. 77, 904 2000.
2H. J. Bolink, L. Cappelli, E. Coronado, and I. Recalde, Adv. Mater. Wein-
heim, Ger. 18, 920 2006.
3D. F. O’Brien, M. A. Baldo, M. E. Thompson, and S. R. Forrest, Appl.
Phys. Lett. 74, 442 1999.
4M. A. Baldo and S. R. Forrest, Phys. Rev. B 62, 10958 2000.
5C. Adachi, R. C. Kwang, P. Djurovich, V. Adamovich, M. A. Baldo, M. E.
Thompson, and S. R. Forrest, Appl. Phys. Lett. 79, 2082 2001.
6P. A. Lane, L. C. Palilis, D. F. O’Brien, C. Giebeler, A. J. Cadby, D. G.
Lidzey, A. J. Campbell, W. Blau, and D. D. Bradley, Phys. Rev. B 63,
235206 2001.
7Y. Kawamura, S. Yanagida, and S. R. Forrest, J. Appl. Phys. 92, 87
2002.
8X. Gong, J. C. Ostrowski, D. Moses, G. C. Bazan, and A. J. Heeger, Adv.
Funct. Mater. 13, 439 2003.
9X. Gong, S. H. Lim, J. C. Ostrowski, D. Moses, C. J. Barden, and G. C.
Bazan, J. Appl. Phys. 95, 948 2004.
10M. A. Baldo and S. R. Forrest, Phys. Rev. B 62, 10967 2000.
11M. Ikai, S. Tokito, Y. Sakamoto, T. Suzuki, and Y. Taga, Appl. Phys. Lett.
79, 156 2001.
12W. Holzer, A. Penzkofer, and T. Tsuboi, Chem. Phys. 308, 93 2005.
13H. H. Liao, H. F. Meng, S. F. Horng, J. T. Shy, K. Chen, and C. S. Hsu,
Phys. Rev. B 72, 113203 2005.
14A. Pogantsch, F. P. Wenzl, U. Scherf, A. C. Grimsdale, K. Müllen, and E.
J. W. List, J. Chem. Phys. 119, 6904 2003.
15C. Botta, S. Luzzati, R. Tubino, D. D. C. Bradley, and R. H. Friend, Phys.
Rev. B 48, 14809 1993.
16H. D. Burrows, J. S. de Melo, C. Serpa, L. G. Arnaut, A. P. Monkman, I.
Hamblett, and S. Navaratnam, J. Chem. Phys. 115, 9601 2001.
17S. D. J. Meskers, J. Hübner, M. Oestreich, and H. Bässler, Chem. Phys.
Lett. 11, 223 2001.
18T. Tsuboi and M. Tanigawa, Thin Solid Films 438, 301 2003.
FIG. 4. PL intensity of the blue emission from PFO host at different
Irmppy3 doping concentrations. The inset is the PL spectrum.
FIG. 3. Intersystem enhancement factor  is plotted as a function of
Irmppy3 doping concentration. The inset is the PA intensity and fitted
triplet exciton lifetime.  is proportional to the former divided by the latter.
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